The major portion of the eukaryotic genome consists of various categories of repetitive DNA sequences which have been studied with respect to their base compositions, organizations, copy numbers, transcription and species specificities [1]; their biological roles, however, are still unclear. A novel quality of a highly repetitive mouse DNA sequence is described which points to a functional role: All copies (approximately 50,000 per haploid gerome) of this DNA sequence reside on genomic Alu I DNA fragments each associated with nuclear polypeptides that are not released from DNA by proteinase K, SDS and phenol extraction. By this quality the repetitive DNA sequence is classified as a member of the sub-set of DNA sequences involved in tight DNA-polypeptide complexes wich have been previously shown to be components of the subnuclear structure termed 'nuclear matrix' [2, 3, 4] . From these results it has to be concluded that the repetitive DNA sequence characterized in this report represents or comprizes a signal for a large number of site specific attachment points of the mouse genome in the nuclear matrix.
INTRODUCTION
Nuclear polypeptides which are not released from DNA by various methods designed to purify DNA have been shown by several authors to occur in isolated DNA of different species and systems, including mammals [5] [6] [7] [8] , insects [9] and plants [10] . Different methods have been used to detect and to characterize these complexes [5] [6] [7] [8] [9] [10] [11] , however, most reliably they are revealed in isolated DNA and in the residual DNA of isolated nuclear matrix by prolonged nick-translation in the presence of "P _ labelled deoxynucleotide triphosphates [2] . By this procedure the polypeptides tightly associated with DNA become indirectly radiolabelled due to their stable attachment to the 5' ends of growing DNA strands which are only incompletely digested by the DNase I present in the nick -translation assay. The comigration of the residual DNA-specific radiolabel with two polypeptides (54 kd and 68 kd respectively) under the denaturing conditions of SDS-polyacrylamide gels supports other evidence for the covalent nature of the bonds between distinct nuclear polypeptides and a fraction of genomic DNA [5, 8, 11] .
From the results of previous studies it is known that this DNA fraction is almost quantitatively retained by nitrocellulose filtration [12] , that it shows high sequence homology with residual nuclear matrix DNA [4] , and that its sequence complexity is much lower than that of unfractioned DNA and of DNA passing nitrocellulose filters [4] . These characteristics indicate that the tight DNA-polypeptide complexes co-isolating with DNA and inducing the binding of DNA fragments to nitrocellulose filters reside on a non-random sub-set of DNA sequences. With respect to the anchorage of the genome in subnuclear structures this DNA fraction is of interest because it comprizes DNA sequences decisive for a very tight interaction of the genome with nuclear proteins. However, most of the DNA fragments in this fraction are expectedly composed also of additional strings which are not decisively involved in DNA-polypeptide complexes.
Consequently, a precise mapping of the decisive sequences requests additional methodology, e.g. cloning and sub-cloning of DNA fragments retained on nitrocellulose filters in order to find a sub-sequence mapping exclusively in the filter DNA fraction. In this report we describe the identification of a 114 bp DNA sequence with this property by an alternative method based on differential screening of a cDNA library with radiolabelled genomic DNA probes from different fraaions.
MATERIALS AND METHODS DNA isolation and fractionation: DNA was isolated from Ehrlich ascites cells according to the method of Gross-Bellard et al. [13] which includes digestion with proteinase K in the presence of SDS, digestion with RNases and phenol extractions. After further digestion with Alu I the DNA was fractioned by nitrocellulose filtration (0.5 M KCl) and the (13%) fraction of DNA retained on filters was recovered by alkaline elution as described previously in detail [12] .
Libraries: A cDNA library prepared from Ehrlich ascites cell RNA in the lambda gtlO vector [14] was used for differential screening. A genomic clone with homology to the pEATll sequence was isolated from a genomic library prepared from Ehrlich ascites cell DNA in the EMBL3 vector according to a standard procedure [15] .
Filter replica, Southern blots: Phage stocks (approximately 4,000 p.f.u/130 cm^ plate) were plated with E.coli C600 hfl~ as host strain. Plaques were lifted (Hybond-N, Amersham) and phage DNA was denatured according to standard protocols. For Southern blots DNA fraaions were submitted to alkaline agarose elearophoresis and transferred to GeneScreen membranes (New England Nuclear). Filter replica and Southern blots were vacuum-dried and cross-linked under a UV lamp.
Radiolabelling of DNA fraaions, hybridization procedure: DNA probes were radiolabelled to a specific radioaaivity of 5 x io" -5 x io' c.p.m.//ig by means of the multiprimer labelling procedure recommended by Feinberg and Vogelstein [16] .
Prehybridizations (3 hours) and hybridizations (18 hours) were performed in roller tubes at 68 °C in 7% SDS, lmM EDTA and 0.5 M sodium phosphate, pH 7.2. Following hybridization replica and blots were washed ac 68 °C under stringent conditions (0.1 x SSC). After drying, they were exposed to Kodak X-Omat films and intensifier screens. DNA cloning and sequencing: The insert of the lambda gtlO cDNA clone hybridizing differentially with radiolabelled DNA from the filter and the filtrate fraction as well as sub-fragments of a genomic clone were recloned into the Bluescript veaor (Stratigene) by standard procedures. DNA cloned in the Bluescript vector was sequenced according to Sanger [17] by means of the Sequenase Kit from U.S. Biochemicals.
RESULTS
Differential screening of a cDNA library with radiolabelled DNA probes fraaioned by nitrocellulose Filtration
The fraaion of Ehrlich ascites cell DNA retained on nitrocellulose filters shows a significantly higher homology with polyadenylated RNA than the fraction of DNA fragments passing the filters [12] . Consequently, it could be expeaed that cDNA libraries prepared from RNA of Ehrlich ascites cells contain a number of clones with high homology to the fraaion of DNA retained on nitrocellulose filters. In order to identify such clones, a cDNA library construaed from RNA of Ehrlich ascites cells was differentially screened with radiolabelled probes of Ehrlich ascites cell DNA fraaioned by nitrocellulose filtration. About 2% of the plaques hybridized with the two DNA probes (Fig. 1 ). Since this 'reverse' hybridization with radiolabelled genomic DNA detects essentially repetitive DNA sequences, the positive plaques in Fig. 1 reflea cDNA clones of transcripts of repetitive genomic template sequences. Most of these cDNA clones hybridized equally strong with the two DNA probes ( Fig. 1 A and A') indicating that their corresponding genomic template sequences were not prevalent in either DNA fraaion. This points to a class of repeats residing at equal frequency on polypeptideassociated and on polypeptide-free DNA fragments. Consequently, this type of repeats cannot be considered to be decisively involved in a DNA sequence-specific interaction with the tightly DNA -associated polypeptides although it occurs in the retained fraaion. However, one out of 16,000 plaques hybridized much more intensely with the DNA probe specific for DNA sequences retained on filters ( Fig. 1 A and A') indicating a repeated sequence residing with high prevalence on DNA fragments in the retained fraaion. With respea to the aims of our study this clone was of interest because it could be considered to consist in full length of sequences occurring exclusively in the retained fraaion. Following plaque purification ( Fig. 1 B and B' ) the insert of this lambda cDNA done was recloned in the Bluescript veaor (clone pEATll) and further analyzed. A Section of a filter replica hybridized with a probe of the sub-set of DNA fragments retained on nitrocellulose filters. B section of a second filter replica from the same site of the agar plate hybridized with a probe of DNA fragments passing nitrocellulose filters. A' and B' Reflect the same experiment after plaque purification of the clone specified in A by an arrow. The insert of this cDNA clone was recloned in the Bluescript vector (pEATll).
Mapping of the pEATll sequence in genomic DNA fractions It could be verified that the mouse cDNA insert of the clone pEATll consists of a DNA sequence or DNA sequences exclusively present on many genomic Alu I fragments of different sizes that are quantitatively retained by nitrocellulose filtration. Since approximately 13% of the Alu I fragments of mouse DNA are retained on the nitrocellulose filters [12] it follows that a sequence that is quantitatively retained should be present in the enriched fraction about 7-8 fold over unfractioned DNA. This high A Southern blot loaded with equal amounts of (U) unfractioned Alu I DNA fragments, (P) DNA fragments passing nitrocellulose filters and (R) DNA fragments recovered from nitrocellulose filters. B Southern blot loaded with different amounts of DNA fractions: 10(U) : 9(P) : 1(R). The apparently different size distributions of the hybridizing fragments in U and R are expectedly due to slight differences in the efficiency of the DNA transfer caused by the different amounts of DNA in lanes U and R. C Autoradiograph of a Southern blot of the type (A) hybridized with a radiolabelled DNA sequence residing only on genomic Alu I DNA fragments with no affinity to nitrocellulose filters. The DNA probe used in this control experiment was a 2 kb subclone of a 15 kb DNA segment selected from a mouse genomic library in the lambda EMBL3 vector by plaque hybridization with the pEATll sequence. enrichment of DNA with homology to the pEATll probe is shown by Southern hybridizations (Fig. 2) . On blots loaded with equal amounts of DNA of the different fractions the intense hybridization signal between the pEATll probe and the DNA retained on filters overshadowed by far the hybridization signals with other fractions (Fig.  2 A) . Consistently, a blot loaded with amounts of DNA proportional to the size of the various fractions (10 : 9 : 1) showed that virtually all DNA fragments with homology to the pEATll probe comprized in unfractioned DNA are quantitatively retained in the filter DNA fraction (Fig. 2 B) . This indicates that the pEATll probe is composed of a sequence or sequences whose copies reside only on DNA fragments retained on filters.
The cloned mouse DNA sequence in the pEATll plasmid showed no special affinity to nitrocellulose filters ( sequence. The sequenced section of the mouse satellite II sequence is comprized as subsequence in the pEATll repeat (a-c). It should be noted that the complementary strand of the published segment of the mouse satellite II sequence [18] was aligned. special quality of this DNA sequence per se but due to nuclear factors associated with all DNA fragments comprizing this sequence. In contrast, there are other repetitive DNA sequences residing exclusively on genomic Alu I DNA fragments which are not associated widi such nuclear factors and, therefore, showing no affinity to nitrocellulose. The latter are quantitatively found in the fraction of DNA fragments passing the filters. An example for t sequence with this quality is given in Fig. 2 C. 
Sequence characteristics of the pEATll insert
The characteristics of the pEATll sequence are shown in Fig. 3 . The 1.2 kb mouse cDNA insert is essentially composed of almost perfect head to tail repeats with an average length of 114 bp (a-d). The overall degree of homology between the individual repeated units is over 90%. The major dishomologies are found in a short region about 10 nudeotides in length (b) positioned close to the centers of the repeats. At the 3 1 end of the cDNA sequence the last complete repeat (a-d) is followed once again by only section (a) of the repeat, by another sequence 88 bp in length which does not belong to the repeat and finally by the poly (A) + sequence.
Since 93% of the pEATll probe consist of the repeat (a-d) it is evident that the hybridization signals seen on the Southern blots shown in Figs. 2 A and B are due to this repeated sequence. Consequently, all DNA fragments comprizing this repeat or multiple copies of this repeat are retained on nitrocellulose filten suggesting that this DNA string can be considered to be decisively involved in a specific location of the tight DNApolypeptide complexes. Homology between the pEATll sequence and the mouse satellite II sequence
The sequenced section of the mouse satellite II [18] is highly complementary to the sub-sequence (a-c) of the repeated unit in the plasmid pEATll (Fig. 3) . There is experimental evidence indicating that the complete mouse satellite II repeat is somewhat longer than the previously sequenced section (a-c) [18] . This suggests that the repeat (ad) in the pEATll clone reflects the full length of the mouse satellite II DNA. The repetition frequency of the mouse satellite II is in the order of 100,000 per diploid genome [18] . Since it is organized in large tandem repeats [18] and since the repeats do not contain Alu I sites (Fig. 3) the number of Alu I DNA fragments with homology to the pEATll/satellite II repeat is much lower than the repetition frequency. If one assumes a number average molecular weight for Alu I fragments composed of the pEATll/satellite II sequence to be about 10 kb (Fig. 2) it follows that these Alu I fragments are composed, on average, of about 100 repeated units each, and that their number is in the order of 1000 per diploid mouse genome. Our results indicate that all of these Alu I fragments are associated with the nuclear factors inducing their binding to nitrocellulose filters.
From the repetition frequency of the pEATll /satellite II repeat (100,000) and its length (114 bp) it can be calculated that about 0.38% of the diploid mouse genome is composed of this sequence. Since all DNA fragments with this base composition are retained on nitrocellulose filters (Fig. 2) (enrichment factor 100 : 13 -7.69) it can be calculated that the pEATlI/satellite sequence amounts about 2.9% of the DNA fraction retained on nitrocellulose filters. This shows that many other genomic Alu I DNA fragments with different overall base compositions are also associated with the nuclear factors inducing their binding to nitrocellulose. Consequently, it will be of interest to study further whether all fragments of this DNA fraction comprize a common sequence characteristic, e.g. a consensus sub-sequence, or whether there exist different signal sequences for the specific location of covalent DNA/poIypeptide complexes.
With respect to a possible involvement of the DNA fragments tightly associated with the nuclear polypeptides in loop attachment sites it should be noted that the 2.9% of the filter DNA fragments composed of the pEATl I/satellite II sequence could reflect, as calculated above, about 1000 attachment sites per genome. Consequently, the entire fraction could be involved in about 30,000-40,000 of the generally expected 50,000-100,000 loop attachment regions.
Finally, we wish to draw attention to the fact that the insert cloned in the plasmid pEATll represents a cDNA synthesized on a cytoplasmic RNA template [14] . From this it follows that at least one genomic region composed of tandem repeats of the satellite II sequence is actively transcribed which is of interest with respect to the discussion about active transcription of satellite sequences and the occurrence of such transcripts in the cytoplasm [19] .
DISCUSSION
Double-stranded DNA fails to bind to nitrocellulose filters while DNA-polypeptide complexes are retained on filters due to the high affinity of most polypeptides to nitrocellulose. This filter binding assay for DNA-polypeptide complexes has been used in a number of cases to identify DNA sequences interacting sequence-specifically with proteins [20] . Our results indicate that this method, originally designed for in vitro studies, can be applied as well to resolve a sub-set of genomic DNA fragments associated in vivo with nuclear polypeptides that are not released from DNA during its isolation and which have been characterized previously to be of covalent nature [2, 3, [5] [6] [7] [8] [9] [10] [11] . By means of this method we were able to clone and to identify the first DNA sequence whose copies are associated with the covalent DNA/polypeptide complexes (pEATl I/satellite II). Consequently, our results provide direct evidence for a DNA sequence-specific location of this type of DNA-polypeptide complexes. Moreover, the exclusive mapping of the identified sequence in the retained DNA fraction indicates the high separation efficiency of the nitrocellulose filtration method for the isolation of tight in situ preexisting DNA/polypeptide complexes and the general significance of the DNA fraction resolved by this method.
The association of all Alu I DNA fragments comprizing the pEAT 11/satellite II sequence with nuclear polypeptides resistant to proteinase K, SDS and phenol reveals a novel quality of a highly repetitive DNA sequence. Moreover, this quality points to a functional role of this sequence in loop anchorage. Evidence for this is based on the fact that the pE AT 11 /satellite II sequence is a member of the DNA fraction retained on nitrocellulose filters. The DNA/polypeptide complexes contained in this fraction are enriched in the nuclear, matrix [2, 3] . Moreover, the DNA sequences attached to these complexes show high sequence homology with residual DNA in DNase I and high salt extracted nuclei [4] and other characteristics (e.g. enrichment in newly replicated DNA) of residual nuclear matrix DNA [12] . Thus, the pEAT 11/satellite II sequence can be considered to represent or to comprize a signal for a DNA sequence -directed and high salt-stable anchorage of the mouse genome at many sites in a nuclear structure insoluble in low salt and high salt buffers. This is consistent with other evidence indicating that satellite sequences may be enriched in the nuclear matrix [21, 22] .
The anchorage sites specified by the pEATl I/satellite II sequence and by other members of the DNA sequences retained on nitrocellulose filters appear to be different from other known interactions between distinct regions of eukaryotic genomes and insoluble sub-nuclear structures. E.g. DNA sequences retained in high salt [23, and references therein] and low salt [24, 25] extracted nuclei probably due to their stable association with nascent transcripts [23, 24, 26] are not detectable in the DNA fraction retained on filters (not shown). This indicates that the nuclear factors inducing the binding of a fraction of genomic DNA fragments to the nitrocellulose filters do not reflea remnants of transcription complexes resistant to proteinase K, SDS, ribonuclease and phenol. The sequences involved in the tight DNA/polypeptide complexes retained on nitrocellulose filters are also different from other, obviously weaker interactions between distinct non-transcribed DNA sequences and residual nuclear structures that resist extraction of nuclei with lithium diiodo salicylate (matrix or scaffold attachment regions, MARs or SARs [27, 28] ). The latter are unstable in high salt buffer [28] and it has been suggested that topoisomerases may serve as non-DNA linkages for their attachment at lithium diiodo salicylate-extraaed nuclei [27, 28] . In contrast, the DNApolypeptide complexes retained on nitrocellulose filters are stable in high salt buffer [2, 3, [5] [6] [7] [8] [9] [10] [11] [12] and, according to peptide maps, the polypeptides involved in these complexes are different from topoisomerases [8] . Consistently, DNA probes specific for 'matrix attachment regions', e.g. the MAR sequence in the kappa immunoglobulin gene region [27] , could not be mapped in the DNA fraaion retained on nitrocellulose filters while this sequence was clearly deteaable in unfraaioned DNA and in the fraaion of DNA passing the filters (not shown). This points to different DNA sequence-dependent interaaions between distinct sites in eukaryotic genomes and insoluble nuclear components differing in nature, in physico-chemical stabilities and expeaedJy in their funaional significance. With respea to the stability of the various complexes between DNA and nuclear polypeptides detected so far it appears that the DNA fraaion retained on nitrocellulose filters which includes the pEATl I/satellite II sequence reflea sites where the genome is most stably interacting with non-DNA nuclear components.
